potential for decreasing the amount of symbiotic N 2 fixation. In contrast, Lory et al. (1992) soybean yield increase with an application of 168 kg N ha Ϫ1 to soybean at bloom initiation. Varvel and Peterson (1992) reported that soybean is a net N sink, removing
Merr.] is provided through the process of symbiotic N 2 fixation, supplemental N using broiler litter may boost soybean grain yields. The efdid not affect N 2 fixation. Gates and Muller (1979) refects of broiler litter and commercial fertilizer applications on soybean ported that application of fertilizer containing N, P, and yield, N and P uptake, and residual soil N and P were evaluated on S to soybean contributed to forming a stronger symbioa Leeper silty clay loam (fine, smectitic, nonacid, thermic Vertic Epitic mechanism and more active N 2 fixation. Since broiler aquepts) at the Mississippi Agriculture and Forestry Experiment Stalitter contains N, P, and S (Sharpley et al., 1993) , its tion in Starkville, MS. Treatments were broiler litter application at the applications to soybean could be beneficial.
rates of 0, 40, 80, 160 kg plant available N (PAN) ha Ϫ1 and commercial A survey of university fertilizer recommendations infertilizer at equivalent to broiler litter PAN and P rates. Soybean grain dicated that no N or only small amounts (22 to 67 kg ha Ϫ1 ) yield and N and P uptake were quadratically increased with increasing of N were recommended for pure legume stand estabbroiler litter and commercial fertilizer application rates. Soybean grain lishment in most states (Hojjati et al., 1978) . However, yield and N uptake from broiler litter applications were significantly greater than those from commercial fertilizer. Soybean grain yield other studies reported that fertilizer N application inwas not correlated to soybean P uptake but linearly increased with increased soybean yield and N utilization potential. For creasing N uptake. Application of broiler litter at rates Ͼ 80 kg PAN example, Lamb et al. (1990) reported that soybean grain ha Ϫ1 were not effectively used by soybean as evidenced by declining yield increased with increasing N fertilizer rate; but its apparent recovery values, increasing residual soil NO 3 -N concentraresponse strongly related to soil NO 3 -N content. They soybean yield increase with an application of 168 kg N ha Ϫ1 to soybean at bloom initiation. Varvel and Peterson (1992) reported that soybean is a net N sink, removing S oybean is a major crop in Mississippi. Production approximately 150 to 200 kg N ha Ϫ1 yr Ϫ1 at grain yield of this crop significantly contributes to the state's levels of 2.5 to 3.4 Mg ha
Ϫ1
, which ultimately reduces the economy. Because of nutritional and industrial properamount of soil N available for leaching. Shibles (1998) ties of soybean products, there is substantial incentive to stated that total annual N uptake for high-yielding soyincrease soybean yield (Helms and Watt, 1991) . Commerbean can be as high as 385 kg ha
. cial broiler production in Mississippi generates 450 000 Mg Soybean not only requires considerable amounts of yr Ϫ1 of broiler litter (manure and bedding material), which N to produce a crop (Schmidt et al., 2001) , but it requires is applied to nearby pastures or cropland (Mississippi State a constant supply of available P to maintain rapid growth Univ., 1998). Continued broiler litter application increases and development (Hariston et al., 1990) . Phosphorus the potential for enrichment of NO 3 -N in groundwater fertilization has been shown to increase the number of and P in surface water (Edwards et al., 1992; Sharpley et nodules and their weight as well as the number of pods al., 1996). To minimize these risks, producers must obtain per plant (Jones et al., 1977) . Since P requirement by additional land area to dilute the litter using N-demanding crops is in much lower quantities than N, Sharpley et al. crops and/or use alternative crops to receive broiler litter.
(1993) reported that 72% of the applied P from broiler Several studies have been conducted on broiler litter litter retained in the soil profile. Using an alternative application on corn (Zea mays L.) (Brown et al., 1994;  crop to remove a large portion of soil P could be advan- Wood et al., 1999) and cotton (Gossypium hirsutum L.) tageous. Does added N in the broiler litter boost soy- (Burmster et al., 1991; Glover and Vories, 1998; Malik bean grain yield enough to allow for the removal of a and Reddy, 1999). However, application of animal malarge portion of the P in broiler litter? Knowing this innure to soybean has been discouraged because of the formation could help broiler producers in applying the litter locally before exceeding the soil P-holding capacity. and micronutrients (Varco, 1999) . Soybean early growth in the study at the 0-to 15-cm depth.
requires adequate soil N supply (Harper et al., 1989) ,
Soil properties
and there is a high N requirement during flowering and grain filling (Brevedan et al.,1978; Varco, 1999 , 1980; Lamb et al., 1990; Wesley et al., 1998) . Most izer N (ammonium nitrate) and P (concentrated superphosstudies have compared the effects of animal waste rates phate) were applied at rates equivalent to broiler litter PAN on crop growth using only a single rate of commercial and P rates. Fertilizer K was not applied to the soil due to inifertilizer (Liu et al., 1997; Eghball and Power, 1999) or in tial soil test K level (168 mg kg
Ϫ1
) at 0-to 15-cm depth. Yearly combination with fertilizer (Beauchamp, 1983; Jokela, broiler litter and corresponding N and P fertilizer application 1992). Reports in the literature discussing the relative rates are defined as low, medium, and high (Table 3) . Broiler efficiency of broiler litter compared with commercial litter and commercial fertilizer P were applied entirely at plantfertilizer at corresponding rates were not found. Thus, ing time, but fertilizer N was split-applied, one-half at plantthe objective of this study was to determine the effects ing and at flowering as recommended by Wesley et al. (1998). of comparable rates of N and P derived from broiler
Broiler litter and commercial fertilizer were incorporated into the soil immediately after applications and before planting.
litter and commercial fertilizer on soybean grain yield, Soybean was planted with 96 cm in row spacing in mid-April N and P uptake, and residual soil N and P.
using the same conventional four-row planter each year. Soybean variety Pioneer '9492' (Maturity Group IV) was seeded Initial surface soil samples (0 to 15 cm) were collected, dried, and ground to pass a 1-mm sieve. These samples were analyzed for NH 4 -N and NO 3 -N (Keeney and Nelson, 1982) . ExtractTotal P, g kg Ϫ1 15 16 16 able P was determined using Mississippi State University Soil
MATERIALS AND METHODS
Water soluble P, g kg Ϫ1 2.6 3.4 3.00 N/P ratio 1.5 2.0 1.8
Testing Laboratory (Lancaster, unpublished, 1970) . In this
procedure, 5 g of soil was extracted using 5 mL of Solution A was also determined (Day, 1965) . Soil pH was measured using , 1994) . In each plot, aboveground plant samples were litter ranged from 1.5 to 2.0 and averaged 1.8 for the obtained from 1-m length of one of the border row. These 2-yr period. Relative to N application, excess application samples were dried at 65ЊC for 48 h in a forced-air oven, weighed, and ground to pass a 1-mm sieve for chemical analyof P is predictable using broiler litter because fertilized sis. Total N content was measured using an automated drysoybean accumulates N and P in a ratio 10:1.
combustion analyzer (Model NA 1500 NC, Carlo Erba, Milan, Italy). Total P content was determined by dry-ashing 1-g sam-
Soybean Grain Yield and Total ples according to procedures outlined by Isaac and Kerber
Aboveground Biomass (1977) and measured using ICP. Soybean grain yields were taken at physiological maturity Soybean grain yields and total DM yield, aboveby mechanically harvesting the middle two rows of each plot.
ground biomass at R6, were quadratically increased with 
Schmidt et al. (2000)
, who reported that applying swine ground DM was primarily a function of DM yield rather manure at N rates greater than required for maximum than DM N concentration. yield increased potential for nitrate loss to the enviGrain N concentration was quadratically increased with ronment.
increasing broiler litter and commercial fertilizer applications each year (Tables 4 and 5 ), suggesting optimiza-
Soybean Nitrogen Uptake, Apparent Nitrogen
tion of grain yield when sufficiency levels were reached
Recovery, and Nitrogen Utilization Efficiency
or possibly a decline in assimilation efficiency with excessive rates. Grain N uptake was quadratically increased Averaged across the years, N concentration in the with increasing broiler litter and commercial fertilizer apaboveground biomass at R6 ranged from 30.8 g kg Ϫ1 plications. Since similar trends were observed for grain (control treatment) to 32.1 g kg Ϫ1 and was not affected by N concentration and grain yield, the quantity of N reany of the treatments. However, total N uptake at R6, moved by harvested portion of soybean was a function calculated as the product of total aboveground biomass of both soybean grain N concentration and soybean and biomass N concentration, was quadratically increased grain yield. This is in agreement with the work by Hanwith increasing broiler litter and commercial fertilizer applications. Therefore, total N uptake by soybean aboveway and Weber (1971), who reported an increase in soy- bean N uptake with the addition of N fertilizer. Averaged across treatments, soybean grain N uptake and covery was greater (P Ͻ 0.05) for broiler litter than comtotal N uptake, respectively, was 14 and 18% greater in mercial fertilizer, indicating that N availability may have 2002 than in 2001 due to greater grain yield in 2002.
been higher for the broiler litter due to greater N minerSoybean grain N uptake and total aboveground biomass alization than anticipated. N uptake were greater (P Ͻ 0.05) with broiler litter than To measure the grain NUE, the relationships between with commercial fertilizer applications in 2001 and 2002 soybean grain yield and total N uptake (grain plus sto- (Tables 4 and 5 ). Averaged across the rate and year, grain ver) were determined. In 2001 and 2002, a linear correlaand total aboveground N uptake were 9 and 6% greater tion resulted for both broiler litter and commercial fertilwith broiler litter than with commercial fertilizer, reizer (Table 7) . In the linear model, the slope of the line spectively. A large portion of soybean N was removed that reflects the increase in grain yield with each increby the grain. Regardless of N source, grain removal of ment of N uptake is considered as NUE. In each year, N represented about 77% of total soybean uptake.
the slope of the linear model was greater (P Ͻ 0.05) Recovery of N is an important indicator of NUE and for broiler litter than commercial fertilizer, suggesting potentially reflects relative quantities of N remaining in that N from broiler litter was more effectively used by or lost from the soil. Apparent N recovery (ANR) by soybean to produce yield. Using calculated NUE in Tasoybean decreased linearly with increasing broiler litter bles 4 and 5, for every unit of total N uptake by soyand commercial fertilizer application rates in 2001 and bean, broiler litter treatment produced 3.4% more grain 2002 (Table 6) . In each year, a significant difference in than commercial fertilizer treatment. ANR was detected between broiler litter and commercial fertilizer at corresponding N rates. Apparent N re-
Residual Soil Nitrate Nitrogen Concentration
Residual NO 3 -N concentrations in the soil profile fol- Table 6 . Effects of N and P source and rate on soybean apparent lowing 2 yr of soybean production where broiler litter and of NO 3 -N distribution in the soil profile showed that ** Significant at 0.01 probability level. † NS, not significant.
the greatest amount of residual NO 3 -N accumulated in (160 kg PAN ha Ϫ1 ) (Fig. 2) . At high application rate, the ** Significant at 0.01 probability level.
concentration of residual soil NO 3 -N was significantly † PUE, P utilization efficiency.
greater with commercial fertilizer than broiler litter ap- ‡ NS, not significant.
plication in all depths. For both sources at the high N application rate, there was a significant increase in residfor broiler litter and commercial fertilizer, respectively. ual NO 3 -N in the 30-to 60-cm depth. The presence of This is in agreement with the work of McVickar and NO 3 -N at the 30-to 60-cm depth likely occurred because Walker (1987) , who reported a soybean grain P uptake this N rate supplied more available N than required by of 19.6 kg ha Ϫ1 at the yield level of 2.7 Mg ha Ϫ1 . Grain soybean at the grain yields attained. Postharvest soil ni-P uptake and total P uptake were greater (P Ͻ 0.05) trate suggests limited NO 3 -N leaching below the 90-cm with broiler litter than with commercial fertilizer applidepth after broiler litter and commercial applications cations in 2001 and 2002 (Tables 8 and 9 ). Averaged for 2 yr.
across the rate and year, soybean grain P uptake and total P uptake were 9 and 7% greater with broiler litter Soybean Phosphorus Uptake, Apparent than with commercial fertilizer, respectively. Regardless
Phosphorus Recovery, and Phosphorus of P source, it was calculated that grain removal of P represents about 81% of total P uptake. However, 77%
Utilization Efficiency
Broiler litter application rates resulted in cumulative Table 9 . Effects of P source and rate on soybean grain P concen-P application of 71, 141, and 284 kg P ha Ϫ1 in the soil for tration, total aboveground biomass P concentration, P uptake, low, medium, and high loading rates for 2 yr (Table 3) .
and P utilization efficiency in 2002.
In 2001 and 2002, total P uptake at R6, calculated as Aboveground the product of total aboveground biomass and biomass
Grain biomass at R6
P concentration, was quadratically increased with increasSource P conc. P uptake P conc. P uptake PUE † ing broiler litter and commercial fertilizer applications. tilizer added) (Tables 8 and 9 ). However, no significant ing total P uptake by soybean DM was primarily a func-
Analysis of variance
tion of DM production rather than DM P concentration. of both grain P concentration and grain yield. Averaged ** Significant at 0.01 probability level.
across rates and year, soybean grain P removal was 20.1 † PUE, P utilization efficiency. ‡ NS, not significant.
and 18 kg ha Ϫ1 at the yield level of 3.3 and 3.1 Mg ha Ϫ1 creased soil P value at the surface may have a potential to release P in runoff events. Phosphorus concentrations at the 0-to 5-cm depth from commercial fertilizer and broiler litter applications were directly related to loading rate, but no effect of treatment was observed below 15-cm depth (Fig. 3) . Although total P application at the high rate during 2-yr period was 284 kg ha Ϫ1 , downward movement of extractable P was limited to about 30 cm.
Soybean Grain Nitrogen/ Phosphorus Uptake Ratio
No significant difference in soybean grain N/P ratio was obtained between broiler litter and commercial fer- (Table 6 ). Average N/P uptake rates on soil P content in fall 2002. ratio was 12:1 in the untreated control and 10:1 for broiler litter and commercial fertilizer. A small decrease of total N uptake by soybean is accumulated in the grain in the ratio from broiler litter or commercial fertilizer and removed as harvested portion.
compared with the untreated control suggests that soyAlthough P uptake increased with increasing broiler bean has the potential to remove P from the soil when litter and commercial fertilizer P application rates, apbroiler litter is applied. parent P recovery (APR) decreased (Table 6 ). Linear decreases in recovery efficiency were observed, which CONCLUSIONS suggests at greater rates, proportionally more P would Soybean grain yield was greater with broiler litter remain in the soil. In each year, a significant difference than with commercial fertilizer. Averaged across the in APR was detected between broiler litter and commerrates and year, application of broiler litter increased cial fertilizer at corresponding P rates. Apparent P resoybean grain yield by 9% compared with commercial covery was greater (P Ͻ 0.05) with broiler litter than fertilizer. Broiler litter applied at rates greater than mecommercial fertilizer, which was related to greater P dium rate or 80 kg PAN ha Ϫ1 was not effectively used uptake from broiler litter treatment.
by soybean as evidenced by declining apparent recovery No significant difference in PUE was obtained bevalues, increasing postharvest residual soil NO 3 -N contween broiler litter and commercial fertilizer at equivacentrations, and increasing P accumulation at the top lent rates (Tables 8 and 9 ). Regardless of the source, 15 cm of the soil profile. For every unit of N uptake, the calculated soybean PUE (grain yield/total P uptake) broiler litter treatment produced 3.4% more grain yield was 135 and 134 kg kg ] indicated P applied in broiler litter. Soybean grain yield was not that soybean requires 10-fold more N than P to yield correlated to soybean P uptake but linearly increased 1 kg of grain.
with increasing N uptake. The potential of soybean in removing soil N and increasing yield for broiler litter
Soil Profile Phosphorus Accumulation application should encourage soybean as an alternative Extractable soil P significantly increased (P Ͻ 0.001) crop for broiler litter fertilization. Application of broiler with increasing P rates for both broiler litter and comlitter to soybean at rate Ͻ 80 kg PAN ha Ϫ1 appears to mercial fertilizer applications (Fig. 3) . Extractable P be agronomically and environmentally sound. value at the highest rates (cumulative 284 kg P ha Ϫ1 ) of broiler litter and commercial fertilizer was increased by
